Introduction
The complex morphology associated with island archipelagos, reefs, capes and headlands can play an important role in determining the ecological function of coastal waters. Regions inshore of reef and island matrices are isolated by varying degrees from adjoining offshore oceanic waters, potentially leading to localised physical and biogeochemical processes that can have a large influence on the local biological response (e.g., Furnas et al., 2005; Wyatt et al., 2012) . Furthermore, the interaction of currents with island archipelagos and coastal headlands can create distinct frontal zones with converging and diverging flows, thereby influencing the distribution of sediment, phytoplankton and weakswimming nekton (e.g., Johnston and Read, 2007) . The combined effect of these processes can lead to large variations in the function of planktonic ecosystems over small spatial areas.
Islands and reefs can reduce the exchange of shallow coastal waters with the offshore deeper ocean. For example, the extensive offshore reef and island matrix of the Great Barrier Reef (GBR), Australia hinders the cross-shelf exchange of water, in turn, leading to a relatively high residence time of coastal water within the GBR lagoon (e.g., Wolanski and Spagnol, 2000; Brinkman et al., 2002; Andutta et al., 2013) . Intense recycling of nutrients is then required to sustain coastal water column productivity (Alongi and McKinnon, 2005; McKinnon et al., 2013) . Another example is Kaneohe Bay, Hawaii, where the limited exchange with offshore water due the barrier reef leads to the stimulation of phytoplankton growth within the Bay, driven by episodic inputs of terrestriallyderived nutrients from storm water runoff (Drupp et al., 2011) .
In coastal areas with complex morphology, partial isolation of water masses through restricted exchange can lead to the creation of physically distinct water masses separated by a frontal zone (i.e., characterised by strong horizontal temperature and/or salinity differences) (Franks, 1992a; O'Donnell, 1993) . Alternatively, features such as headlands or islands can also create fronts, characterised by locally well-mixed regions that contrast with the adjacent vertically stratified water column (O'Donnell, 2010) . These frontal zones often contain high phytoplankton biomass due to either 1) passive convergent transport toward the front or 2) in situ production within the front itself driven by the establishment of optimal light and locally-enhanced nutrient supply conditions (Franks, 1992a,b; Li et al., 2007) . Furthermore, the trophic structure of marine food webs can shift from one side of a front to the other: tending towards a herbivorous food chain (large phytoplankton to zooplankton to fish) (Ryther, 1969) on the nutrient-rich, wellmixed side of the front, and a nutrient recycling microbial loop food web (comprising bacteria, picoplankton, nanoplankton and viruses) (Azam et al., 1983; Fuhrman, 1992) , occurring in the oligotrophic waters in the adjacent vertically-stratified ocean (e.g., Rodríguez et al., 2000; Fu et al., 2009) .
The tropical central coast of the Kimberley in northwestern Australia contains an extensive system of islands and reefs that interact with its extreme tides ( Fig. 1) . This region has a broad continental shelf (~200 km in width) with a morphologically complex coastal region, where drowned river valleys have formed deep and narrow inlets, and isolated ridges have evolved into extensive island archipelagos (Masini et al., 2009 ). The tides are semidiurnal, with tidal ranges among the highest in the world; spring tides reach up to 11 m and result in current speeds in excess of 2 m s À1 (Anon, 1972) . Combined with this region's tropical monsoonal climate, these unique conditions have produced a very ecologically diverse marine ecosystem, with marine communities including coral reefs, seagrass meadows, mangrove forests and sponge gardens. These communities provide habitat, shelter and food resources for culturally and commercially important species, including marine turtles, cetaceans, dugongs, fish, prawns and birds (Masini et al., 2009) . Despite the importance of the region, remarkably little is known about its oceanography. Below we describe results from a 4-month field study of the oceanography of the central Kimberley coast which, for the first time, quantifies the physical, chemical and biological properties of this unstudied coastal region during a dry season. Specifically, we utilise a combination of moored and ship-based measurements to determine: (1) the intra-seasonal variation in physical water properties, (2) the spatial variation in physico-chemical and biological parameters and (3) the influence of the complex morphology on the water mass properties, as well as the resultant impact on the planktonic ecosystem.
Methods

Study site
The study was conducted in two large bays, Camden Sound and Collier Bay, in the central Kimberley region (Fig. 1) within the southeast Indian Ocean. Camden Sound has an average depth of 30 m and is reasonably open to the offshore shelf ocean. In contrast, Collier Bay is encircled by a series of islands and reefs, including the extensive Montgomery Reef, and has an average depth of just 10 m. The total catchment area that discharges into Collier Bay, predominantly through Walcott Inlet, is~20,000 km 2 compared with just~500 km 2 into Camden Sound (http://www.ozcoasts.gov.au).
The region experiences a tropical monsoonal climate, with distinct dry (May to October) and wet (November to April) seasons. In the dry season, the average rainfall is only~5% of the total annual rainfall (averaging 1449 mm year À1 ) and air temperatures are also at their coolest (1962e2010 climate statistics from Kuri Bay meteorological station, http://www.bom.gov.au). The regional wind patterns in the eastern Indian Ocean are determined by the monsoon cycle. In April, the southeasterly trade winds become well-established, bringing dry continental air over the ocean, eventually dominating the region from May to September (Tomczak and Godfrey, 2003) . 
Measurements
During a dry season (JuneeSept 2008), measurements of physical, chemical and biological parameters of the water column were made during four approximately week-long surveys. Ship-based transects were conducted in "June" (27 Junee2 July), "July" (31 Julye4 August), "August" (25e29 August) and "September" (17e22 September) ( Table 1 ). The sampling strategy varied somewhat for each survey as early data from the study focussed our efforts. During each survey, conductivity-temperature-depth (CTD, SBE19plus, Seabird Electronics) water column profiles were taken at a number of stations, many of which were repeated during the four surveys (Table 1, Fig. 1 ). In addition, profiles of turbidity (AQUAtracka Nephelometer, Chelsea Technologies Group) and chlorophyll a fluorescence (AQUAtracka Fluorometer, Chelsea Technologies Group) were measured during the June, July and August surveys (Table 1, Fig. 1 ). The turbidity sensor was not calibrated specifically for this study, therefore the data is reported as a relative unit in volts.
Two bottom-mounted temperature-pressure loggers, which sampled at 30 s intervals (SBE39, Seabird Electronics), were deployed from 27 June to 26 August near Champagney Island (CI) and MacIntyre Island (MI) (Fig. 1) . We obtained regional weather data from the Bureau of Meteorology at three stations, which included wind speed, air temperature and atmospheric pressure at Adele Island, located 100 km to the west; relative humidity from Broome, located~310 km to the southwest; and rainfall from Kuri Bay, located 40 km to the northeast (Fig. 1) . The wind speed and relative humidity data is valid over large spatial regions in the dry season of the West Kimberley due to the large-scale synoptic weather patterns that influence the region at this time of the year (Tomczak and Godfrey, 2003) . In addition, 6 h estimates of shortwave radiation and cloud cover at~2 spatial resolution were obtained from the National Oceanic & Atmospheric Administration, National Center for Environmental Prediction (NCEP) Reanalysis data (http://www.cdc.noaa.gov) (Kalnay et al., 1996) , as this data was not available from the meteorological stations.
During the June and August surveys, surface seawater was sampled at each station and analysed for chlorophyll a (chl-a); a proxy for phytoplankton biomass, and dissolved inorganic nutrients ((NO x (NO 2 þ NO 3 ), NH 4 , PO 4 , and Si) ( Table 1) . Seawater was processed for two size fractions of chl-a; total chl-a and and chl-a > 5 mm. For total chl-a, replicate seawater samples (1 L) were filtered onto 25 mm glass fibre filters (GF/F, Whatman; 0.7 mm nominal pore size). For chl-a > 5 mm (herein termed 'large phytoplankton'), replicate seawater samples (2 L) were filtered onto 25 mm discs of 5 mm mesh. All filters were stored frozen in the dark until extraction and analysis. Chl-a concentrations were determined fluorometrically in the laboratory using a Turner Designs (TD700)
fluorometer. The fraction of chl-a <5 mm (herein termed 'small phytoplankton') was calculated by subtracting chl-a >5 mm from total chl-a. In addition, a subset of mid-water column seawater (n ¼ 18) was also processed for total chl-a and used together with surface total chl-a (n ¼ 90) in order to calibrate the chl-a fluorescence profile data (termed in situ chl-a fluorescence hereafter) ( In August, the community composition of the small phytoplankton and microbes was investigated further and we found the <5 mm fraction of chl-a dominated the biomass in the June survey.
Specifically, surface seawater was sampled for autotrophic picoplankton (picophytoplankton; cells 0.2 e~2e3 mm in size), bacteria (inclusive of both bacteria and Archaea; 'bacteria' herein) and viruses (Table 1) . Duplicate seawater samples (1.5 mL) were fixed in electron microscopy grade glutaraldehyde (0.5% final concentration) in the dark for 15 min; the samples were then quick-frozen in liquid nitrogen until analysis (Marie et al., 1999) .
For picophytoplankton analysis, samples were thawed at 37 C, 1 mm fluorescent beads (Molecular Probes) were added as an internal standard and analysed using a FACSCANTO II (Becton Dickinson) flow cytometer fitted with a 488 nm laser on high throughput mode at a flow rate of 60 mL min À1 for 2 min. Different picophytoplankton groups were discriminated on the basis of red and orange autofluorescence of chlorophyll and the accessory pigment phycoerythrin (Marie et al., 1999) . Samples for bacteria and viruses were thawed at 37 C, diluted five-fold in 0.02 mm filtered Tris EDTA buffer (pH 8, SigmaeAldrich), stained with SYBR I Green (0.5 Â 10 À4 final concentration) in the dark at 80 C, and then 0.75 mm fluorescent beads (Molecular Probes) were added as an internal standard (Brussaard, 2004) . Bacteria and viruses were analysed using the same flow cytometer, with a flow rate of 30 mL min À1 for 2 min. Virus counts were corrected against a blank consisting of 0.02 mm filtered TE buffer with 0.02 mm filtered (5:1)
seawater. Bacteria and viruses were discriminated based on side scatter and green (SYBR I) fluorescence. Picophytoplankton cell abundances were converted to carbon biomass using conversion values of 154 fg C cell À1 and 1319 fg C cell À1 for Synechococcus and picoeukaryotes, respectively (Buitenhuis et al., 2012) .
Data analysis
The CTD stations were grouped together to produce a number of cross-sections that captured key spatial features of the ocean properties. The cross-sections were comprised of observations that were all collected within an 8 h period. Based on the typical tidal velocity amplitude in the Camden Sound/Collier Bay region (U 0~1 m s À1 ) and tidal period for the dominant M 2 tidal constituent T ¼ 12.42 h, the tidal excursion length was L TE ¼ U 0 T/p~10 km. Due to the short tidal excursion relative to the total cross-section lengths (the shortest distance is~60 km), the cross-sections can thus be treated as stationary representation of the ocean conditions. We calculated the hourly surface net heat flux in the region by summing the different individual heat flux components. The 6-h NCEP reanalysis short-wave radiation product was interpolated to 1-h values by fitting a second order polynomial to the available day time data and assuming the short-wave radiation was zero from sunset to sunrise. Long-wave radiation was calculated using the Berliand bulk formula from the observed near-bed (average water depth of 18.8 m) water temperature at Champagney Island (CI), the air temperature and relative humidity from the weather stations, and the cloudiness correction factor from the NCEP reanalysis (Fung et al., 1984) . We calculated the latent and sensible heat flux following Fairall et al., (1996) using the CI near-bed water temperature, and the observed wind speed, air temperature, atmospheric pressure and the relative humidity. We applied a low-pass 48-h third-order Butterworth filter to the raw heat-flux data to remove diurnal fluctuations and the near-bed water temperature to remove both tidal and diurnal fluctuations.
Pearson correlation coefficients r were computed between the picophytoplankton, bacteria and viruses and both the physicochemical and biological data (all data were log transformed) using SPSS (version 19). Dissolved nutrient concentrations below detection limits were not included in the calculations.
Results
Meteorological and tidal conditions
During our study in the dry season, the total rainfall was just 1% (82 mm) of the annual rainfall (1936 mm) and air temperatures during this time were the coolest of the year (Fig. 2) . Rainfall in the previous 2007/2008 wet season was higher than average (Fig. 2) . The winds prevailed predominantly from the southeast and were highly variable in speed, with a moderate daily sea-breeze component (not shown). Three strong wind events occurred during the study period, with wind speeds reaching up to 40 km h À1 (equivalent to a wind stress of~0.1 N m À2 ), each persisting for several days (Fig. 3b ). These strong easterly wind events were associated with low relative humidity (Fig. 3b) .
The semidiurnal tides resulted in a variety of tidal conditions experienced during each survey. Neap tide conditions characterised the June and August surveys, whereas the July and September surveys occurred during spring tide conditions (Table 1) .
Temporal variation in temperature, salinity and density
Seasonal cooling of the water occurred in Camden Sound from July to mid-September (Fig. 3) . On three occasions during this period, the near-bed temperature decreased rapidly (on the order of 1 C within days, Fig. 3a) . The three cooling events coincided with strong winds (prevailing from the southeast) and low relative humidity, leading to large latent heat losses (Fig. 3) . Whilst the net surface heat fluxes explained most of the variability in water temperature in Camden Sound, it is also possible that water masses of different temperature were occasionally advected into the region.
Cooler inshore water temperatures were observed from June to August: the depth-averaged water temperature T was 1 C cooler inshore (~30 m depth) relative to~100 km offshore (~70 m depth) (Fig. 4a) . Conversely, in September when there was a net heat flux into the water column, the inshore T increased by~1 C compared with the offshore water. From June to September, the water became increasingly saline, with the nearshore depth-averaged salinity S increasing from 34.2 to 34.9 over this period (Fig. 4b ). The weak cross-shore salinity gradient observed in June further weakened until by September the salinity was nearly spatially-uniform.
The opposing cross-shore T and S gradients resulted in nearuniform cross-shore depth-averaged densities r from June to August (Fig. 4c) . In June, r was at a minimum 31 km off the coast due to the temperature controlling the density adjacent to the coast (Fig. 4c) . The cross-shore r gradient was strengthened by the now shoreward increasing T in September, resulting in a cross-shore density change of 1 kg m À3 (Fig. 4c) .
Vertical structure of density
Despite the large tidal range in this region and the minimal freshwater input in the dry season (Table 1) , the water column was vertically stratified over large portions of the study region (e.g., Fig. 5a ). The water column was generally weakly verticallystratified in the shallow regions (close to the coast) with the stratification increasing in the deeper offshore waters (Fig. 5a ). Vertical stratification was weaker during the July and September surveys when the tidal range was largest (Table 1) , possibly resulting from increased tidal mixing.
In the alongshore direction, the cooler coastal water was vertically well-mixed in the narrow channel between Montgomery Reef and the mainland to the east, relative to the warmer and verticallystratified water to the north in Camden Sound (Fig. 6a and c) . The confluence of these two different water masses formed a density front at latitude~15.65e15.7 S during both the June and August surveys ( Fig. 6a and c) ; coastal alongshore transects were not conducted during the July and September surveys.
Turbidity
Highest turbidity occurred close to the seabed, particularly in shallower water (e.g., Fig. 5b ). However, a surface turbidity maximum was also present in June at water depths <40 m (not shown). Higher turbidity values occurred in Collier Bay, contrasting with the much less turbid water in the north of Camden Sound (not shown).
Nutrients
Surface dissolved inorganic nutrient concentrations during the June and August surveys are summarised in Table 2 . At many stations in June and August, NO x was near or below the detection limit ( Table 2 and Fig. 7a and e). However, higher NO x concentrations, measuring up to 0.5 mmol L À1 occurred within Collier Bay, were concomitant with the lowest NH 4 concentrations (for June see 7a and b and for August see Fig. 7e and f). Conversely, the highest NH 4 concentrations (i.e., up to 1.3 mmol L À1 ) occurred at the Camden Sound stations (Fig. 7a , b, e and f). There was thus a shift from overall low but detectable NO x concentrations closer to the coast to NO x concentrations which were near and or below detection limit; this transition thus occurred near the location of the density front in August at latitude 15.7 o S; (Fig. 7e) . The sparser nutrient sampling in June did not reveal significant differences north and south of the front (Fig. 7a) . The trend was less distinct across the density front for NH 4 but overall low but detectable NH 4 concentrations occurred in the water north of the density front in August (Fig. 7f) . Spatial patterns in PO 4 were less clear than for NO x and NH 4 ; however, generally lower PO 4 concentrations occurred at stations situated in deeper water offshore (i.e., >50 m) ( Fig. 7c and g ). Si concentrations varied 7-fold with highest concentrations occurring adjacent to the coast and within Collier Bay ( Fig. 7d and h ).
Chlorophyll a
Surface chl-a concentrations for the June and August surveys are summarised in Table 2 . On average, 87% and 85% of the chl-a biomass occurred in the <5 mm size fraction in the June and August surveys, respectively (Fig. 8b) . In August, the highest surface chl-a Fig. 3 . Low-pass filtered (a) near-bed water temperature, (b) wind stress magnitude and relative humidity and (c) individual surface heat flux components and net heat flux. Latent (dash), longwave (dot), sensible (dash-dot), shortwave (grey solid) and net (black solid) heat flux. Note that the water temperature loggers were recovered during the August trip and therefore this time series is shorter than the entire study period.
concentrations occurred in the southern and coastal regions, south and east of Montgomery Reef (Fig. 8c) . Chl-a showed a distinct spatial shift at latitude~15.7 o S, corresponding with the location of the density front (see Fig. 8c ), with total Chl-a concentrations
south and north of the front, respectively. This distinct shift in chl-a concentration was accompanied by a change in the contribution of small (<5 mm) phytoplankton to total chl-a biomass, with small phytoplankton contributing a lower proportion to total biomass south of the front (chl-a <5 mm ¼ 65e75%) relative to the north (chl-a <5 mm ¼ 85e95%) (Fig. 8d) . Despite lower sampling resolution in the June survey compared with the August survey, we similarly observed that small phytoplankton accounted for the bulk of chl-a biomass north of the density front.
In situ chl-a fluorescence profiles of the water column showed vertical structure throughout the study region (e.g., Figs. 5c and 6b and d). A subsurface in situ chl-a fluorescence maxima (at~30 m depth) was present in the cross-shore transect for June, July and August (a representative transect is shown for August survey in Fig. 5c ). In June and August, the highest in situ chl-a fluorescence occurred at the front location (15.6 o S for the June survey (Figure 6b) and 15.7 o S for August survey (Fig. 6d) ). To the north of the front, in situ chl-a fluorescence was lowest at the surface with a subsurface maximum ( Fig. 6b and d) . To the south of the front, where the water column was well-mixed, the in situ chl-a fluorescence was also relatively uniform with depth ( Fig. 6b and d) .
Picophytoplankton, bacteria and viruses
In August, when small phytoplankton and microbial communities were investigated in further detail using flow cytometry, two picophytoplankton groups, Synechococcus and picoeukaryotes, were observed in the surface waters at all stations. Of these two groups, Synechococcus numerically dominated the picophytoplankton, ranging from 2.08 Â 10 7 to 14.25 Â 10 7 cells L À1 and contributed 3.20e21.95 mg C L À1 to the planktonic carbon biomass ( Fig. 8f ). As was the case for the chl-a <5 mm fraction, distinct shifts in Synechococcus and picoeukaryotes occurred north and south of the density front in August. To the north of the front, Synechococcus and picoeukaryotes abundances were on average 2 times and 1.5 times higher, respectively, compared to the south. While picoeukaryotes exhibited a similar trend to Synechococcus, the picoeukaryote abundances were generally patchier over the study region, with a maximum occurring at the front location. Viral abundances varied 10-fold across the study area, ranging from 5.72 Â 10 7 to 146.8 Â 10 7 cells L
À1
. The highest abundances of viruses occurred in Camden Sound and close to the coast, with a distinct shift from low to relatively high concentrations south and north of the frontal region, respectively (Fig. 8g) . On average, bacterial abundances were 4-fold higher than Synechococcus, ranging from 18.41 Â 10 7 to 41.92 Â 10 7 cells L
, and showed a similar trend to picophytoplankton with relatively higher abundances occurring north of the density front (Table 2, Fig. 8h) .
The relationships between picophytoplankton, bacteria, viruses and measured physico-chemical and biological parameters from the August survey are summarised in Table 3 . Synechococcus was positively correlated with picoeukaryotes (r ¼ 0.48, p < 0.001), bacteria (r ¼ 0.70, p < 0.001) and surface water temperature (r ¼ 0.54, p < 0.001) but negatively correlated with NO x (r ¼ À0.63, p < 0.05). Similarly, picoeukaryotes were positively correlated with bacteria (r ¼ 0.42, p < 0.005), chl-a <5 mm (r ¼ 0.32, p < 0.05) and in situ chl-a fluorescence (r ¼ 0.29, p < 0.05), but were negatively correlated with salinity (r ¼ À0.34, p < 0.05) and NO x (r ¼ À0.62, p < 0.05). Synechococcus, bacteria and viruses abundances all exhibited a decrease with increasing chl-a (all p < 0.005), in situ chla fluorescence (all p < 0.05) and turbidity (all p < 0.05). Viruses were positively correlated with Synechococcus (r ¼ 0.34, p < 0.05) and bacteria (r ¼ 0.38, p < 0.001).
Discussion
Physical conditions
Despite the extreme tidal range in the study region, most of it remained vertically stratified, except in the inshore region between Montgomery Reef and the mainland. Furthermore, the weak horizontal salinity gradients (with increased density offshore) persisted throughout the dry season (Fig. 2a) . This suggests continuing but decreasing terrestrial freshwater inputs occurred during the dry season, despite negligible rainfall within the period.
Increased latent heat losses during episodic periods of southeasterly winds and low relative humidity led to rapid decreases in coastal water temperature. Differential cooling resulted in cooler inshore water temperatures from June to August, as a uniform surface heat flux loss will generate a greater decrease in temperature in shallow water than deep water (Monismith et al., 1990; Sturman et al., 1999) . The cross-shore temperature and salinity gradients from June to August tended to counterbalance one another, resulting in a near-uniform cross-shore density field. In September, when the shallow coastal waters warmed faster than the offshore water, a stronger cross-shore density gradient formed. These gradients would likely support a buoyancy-driven flow that, though relatively weak, may still be important in driving crossshore exchange over seasonal timescales.
During this study, the highest turbidity occurred in Collier Bay, likely the result of this area receiving turbid water from a number of large central Kimberley catchments during the wet season that first accumulates and is then resuspended by the energetic tides. The importance of the transport of fine sediment from the southern Kimberley's Fitzroy River catchment into King Sound was described by Wolanski and Spagnol (2003) . They showed fine sediment arrived and accumulated in King Sound during the wet season and was subsequently resuspended during energetic events during the dry season (Wolanski and Spagnol, 2003) . A similar process is likely to occur in our study region. Larger sediment loads will be delivered to Collier Bay compared with Camden Sound due to the much larger catchment area that discharges into Collier Bay (~20,000 km 2 versus~500 km 2 ). This larger sediment load, combined with the increased bed shear stresses and vertical velocities associated with both the flow constrictions and secondary circulations resulting from the complex morphology surrounding Collier Bay, likely led to the observed higher turbidity in the region adjacent to Montgomery Reef. A density gradient was observed between the semi-enclosed embayment (Collier Bay) and the more open coastal ocean (Camden Sound), with a well-defined front separating these two distinct coastal water masses. This front can be classified as a tidal mixing front, forming due to the enhanced vertical mixing overcoming the generation rate of buoyancy from freshwater input south of 15.7 S (e.g., Simpson and Hunter, 1974; O'Donnell, 1993 O'Donnell, , 2010 . In the constricted location between Montgomery Reef and the mainland, large tidal velocities in excess of 1.5 m s À1 during spring tides resulted in the water column being comparatively vertically wellmixed (personal communication, Lei Tian).
In the more open Camden Sound, on the other hand, the water column was stably stratified as the generation rate of buoyancy exceeded the rate of vertical mixing. The persistent alongshore density gradient due to the cooler water surrounding Montgomery Reef likely resulted in horizontal motions leading to the observed intrusion of the denser water towards the north at the seabed and less dense water towards the south near the surface (e.g., O'Donnell, 1993).
Nutrient distributions
To our knowledge, these are the first reported spatial measurements of surface nutrient concentrations in the coastal waters of the Kimberley. Surface waters in the Camden Sound/Collier Bay region were overall oligotrophic, with low (to undetectable) nitrogen concentrations (as NO x and NH 4 ); typical of other tropical inshore locations during the dry season, e.g., the GBR system on the east coast of Australia that is at a similar latitude (Furnas et al., 2005; Schaffelke et al., 2012; McKinnon et al., 2013) and the tropical coastal waters of Java, Indonesia (Jennerjahn et al., 2004) . However, at stations within and adjacent to Collier Bay, relatively higher concentrations of NO x were observed compared to the rest of the study region. This likely occurred due to the limited exchange of Collier Bay water with the surrounding ocean and increased vertical mixing in the topographically constricted locations that contrasts with surface NO x depletion in the vertically stratified regions. The PO 4 concentrations were slightly higher than typical values observed in the inshore regions of the GBR in both dry and wet seasons (Furnas et al., 2005; McKinnon et al., 2013) and in coastal waters further south along the northwest coast of Australia (Furnas, 2007; Wyatt et al., 2012) , but were similar to PO 4 concentrations in the coastal waters of a macrotidal estuarine system in the Brazilian Amazonian basin (Pamplona et al., 2013) .
The average molar ratio of surface inorganic nitrogen to phosphate (less than 3:1) in the Camden Sound/Collier Bay region in August was well below the Redfield ratio of 16:1, indicating a strong potential for nitrogen limitation of phytoplankton in the surface waters at this time. This raises the possibility that nitrogen limits phytoplankton biomass accumulation over this region. However, both nitrogen and phosphorus dynamics can be strongly impacted by sediment adsorption (Liang et al., 2013) , especially across salinity gradients (Fitzsimons et al., 2006) ; our work highlights the importance of determining potential sources of nitrogen in the area, including loads associated with riverine sediment (Hou et al., 2003) and offshore nitrogen fixation (Waite et al., 2013) . Ammonium adsorption to sediments, especially on fine clays, is strongly salinity-dependent, and the seasonal salinity dynamics documented here are also likely to impact these processes. Furthermore, dissolved organic nitrogen (DON) could be an additional nitrogen source in this DIN-depleted coastal system (e.g., Jennerjahn et al., 2004) . Other studies have shown that DON is the dominant form of N in less-anthropogenically disturbed catchments (e.g., Burford et al., 2012) . The significant microbial community identified during the August survey could play an important role in converting DON that cannot be directly utilised by phytoplankton to DIN (e.g., Jennerjahn et al., 2004) .
The range of observed Si concentrations was similar to inshore observations on the GBR (Furnas et al., 2005; McKinnon et al., 2013) but significantly lower than the tropical coastal waters of Java, Indonesia (Jennerjahn et al., 2004) . Si displayed a cross-shelf gradient with highest concentrations occurring close to the coast; reflecting the terrestrial source of this nutrient and the Si remineralisation processes occurring in the shallow coastal sediments (Alongi, 1989) . We note that Si distributions are also potentially impacted by estuarine sediment dynamics, particularly in macrotidal areas where sediment resuspension is high, but less is known about this, and its effect has not been studied in the Kimberley to date (Tallberg et al., 2013) .
Phytoplankton and microbial distribution
During the June and August surveys, the surface phytoplankton biomass (as chl-a) averaged 0.5 mg L
À1
, comparable to chl-a biomass values reported by at~50 m depth on the inner southern Kimberley shelf located~100 km south of the present study region during April and May 2010. Nevertheless, these values are higher than those typically recorded in coastal and shallow-shelf waters further south along the north-western Australian coast . Phytoplankton >2 mm but <15 mm in size have been observed to dominate phytoplankton biomass on the Australian North West shelf (~750 km southwest of our study region) (Hallegraeff and Jeffrey, 1984) ; however, our results show that over the sampled region, small phytoplankton (<5 mm), encompassing picophytoplankton and the smallest nanoplankton (where nanoplankton are defined as cells 2e20 mm), comprised on average 88% and 85% of the chl-a biomass in both June and August, respectively (Table 2 and see Fig. 8b and d) . These <5 mm chl-a values, are slightly higher than those of (68% of chl-a in phytoplankton cells <5 mm for their inner-shelf Kimberley measurements) in April 2010, and confirm the dominance of small phytoplankton in the coastal waters of the Kimberley in the dry season.
Two distinct groups of picophytoplankton (cells <2 mm in size)
were identified with flow cytometry in surface seawater samples from all stations in August: a group of prokaryotic cyanobacteria Synechococcus and a (likely) diverse group of picoeukaryotes. There are a limited number of direct counts of any picophytoplankton groups in Australian tropical waters; however, Synechococcus Values represent minimum and maximum concentrations with mean values indicated in parentheses. Where dissolved nutrient concentrations were less than the detection limits of the instrument, no means are given. NS indicates that the parameter was not sampled at that time. Syn ¼ Synechococcus; Peuk ¼ picoeukaryotes and Bac ¼ bacteria. concentrations were, on average, two to ten times higher than those occurring adjacent to Ningaloo Reef to the south in northwestern Australia (22.23 S, 113 .84 E) (Patten et al., 2011) , but slightly lower than average values reported in central GBR waters at 20e40 m depth (Crosbie and Furnas, 2001) . Our results, which are based on literature cell to carbon conversions, suggest Synechococcus comprised 49% of chl-a biomass in Kimberley coastal waters. similarly showed using HPLC, that Synechococcus dominated the chl-a biomass in the AprileMay 2010 central Kimberley shelf observations, comprising~40% of the chl-a biomass in a water column depth of 50 m. These similarities suggest that Synechococcus is an important contributor to the phytoplankton community in Kimberley coastal waters in the dry season. Picoeukaryote concentrations in the Kimberley region during this dry season study were on the same order of magnitude as those occurring off Ningaloo Reef (~1300 km to the southwest) (Patten et al., 2011) . Prochlorococcus, a group of picoplankton that should be detectable with flow cytometry if present, were absent from the surface coastal waters that were sampled in this study. Prochlorococcus contribute a large fraction to total chl-a biomass in tropical offshore waters (Olson et al., 1990) , including those waters at the 200 m depth contour off the Kimberley coast . Given the dominance of small phytoplankton in the region during the June and August surveys, it was interesting that for the August survey, Synechococcus and picoeukaryotes did not correspond well with the total chl-a biomass. One reason for this could be that phytoplankton >2 mm but <5 mm (i.e., small nanoplankton not enumerated with flow cytometry) contributed a high proportion of biomass to the chl-a <5 mm fraction. To determine if this was the case, the contribution of small nanoplankton to total chl-a biomass was estimated by converting the total average picophytoplankton concentration (Synechococcus plus picoeukaryotes) to carbon biomass (see Section 2.2) (Buitenhuis et al., 2012) . Secondly, we assumed a C:chl-a ratio of 50 (Geider, 1987) ; thus based on average daily PAR at the surface of 1000 mmol photons m À2 s À1 and a light attenuation coefficient (k) of~0.1 m À1 (P. Thompson unpublished data) , small nanoplankton (2e5 mm) were estimated to account for only~21% of the <5 mm chl-a biomass. This suggests that the weak correlation of both Synechococcus and picoeukaryotes with total chl-a is more likely the result of other processes, such as the adsorption of phytoplankton (and other microorganisms) to suspended particles (see below), and/or spatial variation in the carbon biomass of individual picoplankton cells/groups (Buitenhuis et al., 2012) . The lowest counts of Synechococcus, bacteria and viruses occurred when surface waters were most turbid. At these times, light attenuation may limit Synechococcus production and subsequent bacterial assimilation of Synechococcus-derived photosynthetic exudates, resulting in lower Synechococcus and/or bacterial specific viruses. Alternatively, adsorption of nano-and pico-sized plankton cells and/ or their nutrient sources onto particles may be an important mechanism operating in the Kimberley coastal waters. Sediment particles in King Sound, in the southern part of the Kimberley but with similar water depths to our study area, were indeed shown to be bound together by organic matter, with these 'flocs' embedded with larger sized phytoplankton (e.g., diatoms, dinoflagellates and ciliates) and faecal pellets (Wolanski and Spagnol, 2003) . Indirect scavenging and/or aggregation of planktonic organisms (including picoplankton, bacteria and viruses) onto a range of particle types is well documented in systems with high particle loads (e.g., lakes, estuaries) but also across a range of systems from coastal to oceanic (Simon et al., 2002; Turner, 2002; Weinbauer et al., 2009 ). The in situ particle structure is known to have a strong impact on nutrient adsorption and bacterial processing of suspended materials (e.g., Chang et al., 2003) , though again, nothing is known of the rates and/ or importance of such processes in the Kimberley.
In August, Synechococcus and picoeukaryote concentrations covaried, with both groups exhibiting negative correlations with NO x . These results may suggest picophytoplankton in the Kimberley have similar nutrient requirements, as demonstrated in other regions (Worden et al., 2004) . However, given the overall low to below detection limit concentrations of NO x in surface waters (this study) and that not all Synechococcus isolates can assimilate nitrate (Moore et al., 2002; Scanlan et al., 2009) , we are cautious to speculate further on key nutrient sources and assimilation processes for different picophytoplankton groups in the Kimberley. Close coupling of picophytoplankton and bacteria, as found here, occurs widely in oligotrophic marine systems, where bacteria take up a significant fraction of the dissolved organic nutrients produced by phytoplankton and subsequently play fundamental roles in the remineralisation, cycling and fate of organic matter through food webs (Azam et al., 1983) . The positive relationship between viruses and bacteria, and viruses and Synechococcus, further suggests that viruses are important agents of picoplankton mortality. Viral induced mortality of bacteria, for example, can equal or exceed grazing mortality rates (e.g., Fuhrman and Noble, 1995) , while an estimated 5e14% loss of Synechococcus cells could occur through viral infection (Suttle and Chan, 1994) . Following viral infection and lysis, picoplankton cellular products are released into surrounding waters and are rapidly assimilated by bacteria in an essentially semi-closed system (Middelboe et al., 2003) ; as much as one quarter of photosynthetically fixed organic carbon may short circuit back through the microbial food web (Wilhelm and Suttle, 1999) . Alternatively, other mechanisms such as particle scavenging (as discussed above) and grazing of picoplankton by nanoplankton (Christaki et al., 2001 ) may act similarly to shape the distributions of the picoplankton community.
The vertically-stratified water column led to the formation of a sub-surface in situ chl-a fluorescence maximum in Camden Sound (e.g., Fig. 5 ). While photoinihibition of phytoplankton in surface waters may have led to the sub-surface in situ chl-a fluorescence maximum at~30 m, we suggest that the combined effects of the Cullen, 1982) . This is supported by the few historical NO x profiles from the inner-shelf of the Kimberley, which show sharp increases in nitrate concentration below the pycnocline (see Fig. 4 in Cresswell and Badcock, 2000) .
Water mass dynamics in the Camden Sound/Collier Bay region
The presence of multiple islands, reefs and estuaries in our study region led to the creation of a number of different water masses with different physical, chemical and biological characteristics. The most distinct water masses were the well-mixed water between Montgomery Reef and the mainland and the density-stratified water of Camden Sound further to the north; a density front divided these water masses. The front was located at approximately the same location during both the June and August surveys, indicating it was likely a persistent feature during this time of the year.
The water masses to the north and south of this density front had distinctly different biogeochemical signatures. In the surface water, relatively high chl-a biomass occurred at the location of the front ( Fig. 6b and d) . It is well-accepted that frontal regions are often characterised by high phytoplankton biomass, due to either in situ production in the front or convergent transport toward the front (Franks, 1992a,b; Fu et al., 2009; Riemann et al., 2011) . Phytoplankton biomass in the frontal region was most likely stimulated by the supply of nutrients (particularly nitrogen) from the vertically well-mixed water (Fig. 7e) into surface waters on the nutrient-depleted stratified side of the front (Franks, 1992a) . The shift towards a higher proportion of smaller size phytoplankton north of the front follows the predicted community structure for tidal fronts, where the water on the stratified side of the front has a higher proportion of small size phytoplankton (e.g., Franks, 1992a; Uye et al., 1999; Li et al., 2007) . Despite relatively higher nitrogen concentrations in the well-mixed region (Fig. 7e) , the overall chl-a biomass was lower here than in the frontal region ( Fig. 6b and d) , possibly due to the higher turbidity, and hence lower light availability to stimulate production within this area (e.g., Cloern, 1987) .
Across the density front, we also observed clear differences in the concentration of surface NO x and NH 4 , the proportion of small (<5 mm) and large (>5 mm) phytoplankton and the abundances of picophytoplankton, bacteria and viruses. These spatial shifts in phytoplankton biomass and phytoplankton and microbial community composition across a persistent density front (i.e., over a period of months), are likely to have consequences on planktonic food web function. However, to elucidate food web trophodynamics any further, sampling of the plankton community (microbes through to zooplankton) is required.
Conclusions and future directions
For the first time, this study captured the spatial and intraseasonal variation in the physico-chemical and biological regime throughout a dry season in the coastal waters of the Kimberley. The morphologically-complex central Kimberley coast led to the partial isolation of some of the study region, creating distinct water masses within a relatively small area. These spatial variations in physical conditions, in turn, impacted the spatial distribution of dissolved nutrients, and subsequent chl-a and picophytoplankton biomass and microbial community structure.
To further understand both the trophic and microbial food web dynamics in Kimberley coastal waters, higher horizontal spatial resolution measurements of both nutrients and picoplankton are required in future studies. Furthermore, the role of particulatebound nutrients, DON and microbes may be important to biogeochemical cycling in this system, but these have yet to be measured. Finally, wet-season dynamics could be very different from the dryseason conditions presented here. Burford et al., (2012) found little seasonal variation in the nutrient concentrations in an Australian tropical monsoon estuary; however, studies at other tropical coastal regions have shown large seasonal variation, e.g., Pamplona et al., (2013) . During the wet-season we expect much stronger cross-shore density stratification from fresh water inputs, and possibly high terrestrially-derived nutrient loads associated with the fresh water, which could dramatically alter the planktonic ecological response and thus warrants further investigation.
